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Abstract
By c-axis transport measurements in an intrinsic Josephson junctions (IJJs) stack of Bi2Sr2CaCu2O8+y in magnetic fields parallel to c-
axis, a penetration of individual vortices can be detected as a sudden jump or drop of c-axis resistance or critical current, which has 
already been reported in a sample of small in-plane area (<2Pm2). We explored the individual vortex penetrations in IJJs stacks with 
much larger in-plane areas and successfully observed the same phenomenon even in a sample as large as 100Pm2. Behavior of the c-
axis resistance and critical current caused by the individual vortex penetrations are investigated through the sample-size dependence 
in various temperatures and magnetic fields.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the ISS 2014 Program Committee.
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1. Introduction
Behavior of a small number of vortices confined in a mesoscopic superconductor has been extensively studied using 
thin films of conventional superconductors (Al, Nb, Pb, etc.) with progress of microfabrication techniques in past 
decades [1-4]. In such tiny superconductors comparable to the superconducting coherence length or the penetration 
depth, vortices confined inside by a circulating screening current are strongly influenced from shapes of sample 
boundaries. It has been revealed that the confinement effect in small area creates unique vortex states and configurations, 
such as giant vortices [1], symmetry-induced antivortices [2], and concentric vortex structures (vortex shell) [3].
Understanding of vortex states in mesoscopic superconductors is important not only for fundamental interests and also 
for practical applications which utilize single vortex quantum in a device. While most of these researches have been 
performed in these conventional superconductors to date, vortex states confined in mesoscopic high-Tc superconductors 
have a potential to spawn a new field relating to the applications of the single vortex quantum.
Recently, Kakeya and coworkers have succeeded to observe penetrations of individual vortex lines consisted of 
pancake vortices by c-axis resistance measurements using z-shaped intrinsic Josephson junctions (IJJs) stacks of 
Bi2Sr2CaCu2O8+y (Bi2212), whose in-plane areas are smaller than 2 Pm2 [5,6]. In their experiments, with increasing field, 
a stepwise increase of the resistance caused by the penetrations of pancake vortex stacks has been found, and the 
periodicity of the steps corresponds to the period of one flux quantum per the in-plane area in sufficiently high fields. 
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Hence, c-axis transport measurements using IJJs stacks can be used as a tool to detect vortex states in mesoscopic 
Bi2212 single crystals. So far, we have succeeded to sense the melting transition of vortex lattice using z-shaped IJJs 
samples [7]. In present study, we explored the stepwise behavior of c-axis transport properties caused by the individual 
vortex penetration in much larger in-plane size of IJJs stacks to expand the applicable range of this technique to 
investigate the vortex state.
2. Experimental
High-quality single crystals of Bi2212 were grown by the traveling-solvent floating-zone method [8]. The double-
side etching technique was employed to fabricate stacks of IJJs with superconducting electrodes on the top and bottom 
[9]. In milling processes, we used a focused ion beam (FIB) in addition to photolithography and Ar-ion milling. First, a 
several micrometer width trench was fabricated on a surface of a single crystal using FIB, and the surface was then 
fixed on a MgO substrate with a polyimide adhesive. After cleaving another side of the crystal until the sample became 
slightly transparent on the position of the trench, Au was evaporated onto the fresh surface to form ohmic contacts and 
provide protection from the ion beams. A pattern of a main bar with terminals was formed by the pair of the 
photolithography and the Ar-ion milling. Then, FIB was used to fabricate another trench on the Au covered surface and 
to remove non-essential parts. Finally, four electrodes were formed with Ag paste on the terminals. To remove the 
remaining Au, which can shunt the electrodes and sometimes cause non-zero resistance at the superconducting state, the 
entire surface of the sample was slightly milled with an Ar-ion beam. Figure 1(a) shows a schematic final shape of 
samples, called z-shaped IJJs here.
Several samples were prepared with shapes that were almost square (w and L from 5 to 10 Pm) to study the influence 
of the in-plane size of the IJJ stacks on the individual vortex penetrations. Specifications of these samples are listed in 
Table 1. The number of IJJs in the stacks is not well-controlled, but varies from 110 to 150 junctions among samples, as 
estimated from room temperature resistance measurements. Transport measurements were performed using the four-
probe technique with a current source (Keithley 6430) and a nanovoltmeter (Keithley 2182) in a chamber with a 
cryocooler. Temperature dependence of c-axis resistance Rc of IJJ_Sqr10 is shown in Fig. 1(b), and in the inset by a
semi-log plot. The superconducting transition temperature Tc in the list is the value at the midpoint of the transition in 
the linear plot. Tc is the nearly same in all samples which are almost optimally-doped. In Rc-H and Ic-H measurements,
the magnetic field was applied parallel to the c-axis of Bi2212 and was swept from negative to positive direction.
Table 1. Table of specifications and properties of the fabricated samples.
sample name dimensions
(w×L×t Pm3)
Tc (K) at 
midpoint
c-axis resistance 
Rc at R.T. (:)
estimated field 
interval 'Hest (Oe)
field interval of vortex 
penetrations 'Hexp (Oe)
IJJ_Sqr10 1010Ң0.2 90.0 176 0.21 0.23
IJJ_Sqr7 77Ң0.2 90.2 439 0.42 0.51
IJJ_Sqr6 66Ң0.2 89.8 594 0.57 0.75
IJJ_Sqr5 55Ң0.2 89.7 768 0.83 0.94
400
300
200
100
0
R
(
)
300250200150100500
T (K)
0.001
0.1
10
1000
9492908886
:
w
L
t
c-axis
Bi2212
(a) (b)
Fig. 1. (a) Schematic picture of a z-shaped IJJs sample. The part of the IJJs stack is shown by red color with labels of the 
dimenstions.; (b) Temperature dependence of c-axis electric resistance of sample IJJ_Sqr10. In the inset, R(T) around the 
transition is enlarged in a semi-log plot to show the sharpness of the transition.
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3. Results and discussion
For four samples listed in Table 1, we measured Rc as a function of magnetic field at fixed temperatures ranging 
from 70 to 90 K. In all samples, quasi-periodic resistance steps or spikes accompanying the individual vortex 
penetrations (vorticity transitions) can be observed as shown in Fig. 2. In higher fields, the shape of these steps or spikes 
changes to oscillation-like one. The appearance of the vorticity transitions in Rc-H curves has a variation depending on a
sample, temperature, magnetic field and applied current. Although these behaviors have already been reported by 
Kakeya et al. in much smaller samples [5,6], we successfully detected the same phenomenon in the larger samples (< 
100Pm2). Actually, there is a tendency that in smaller samples this phenomenon by the vortex penetrations is clearly 
observable in wider range of temperatures and magnetic fields. For instance, IJJ_Sqr10 exhibited the quasi-periodic 
structures (spike shape in this sample) only above 84 K and below 10 Oe, while they appeared at all measured 
temperatures in IJJ_Sqr5. The first vortex penetration corresponds to the fields of first spikes or steps (H1), which tends 
to be smaller in larger samples if it is compared at the same temperatures as shown in Fig. 2. The first penetration field
is related to the lower critical field Hc1 with a modification by the demagnetization factor. The decrease of H1 in larger 
samples may be explained by the increase of the demagnetization effect, though there is uncertainty because of large 
temperature dependence near Tc.
The field interval of the quasi-periodic structures has field dependence as reported [5].  While the intervals are larger 
at lower fields, they become constant at higher fields.  In our experiments, the field interval 'Hexp obtained in fields as 
high as available in each sample is summarized in Table 1 with the estimated values by 'Hest = )0/(wyL), where )0 is 
the flux quantum. 'Hexp is very close to the estimated value, indicating that the period is determined by the penetration 
of one vortex. However, 'Hexp is always somewhat larger than 'Hest, which is probably because effective in-plane size 
becomes smaller than the real dimensions due to the circulating screening current.
Figure 3(a), and (b) show the magnetic field dependence of c-axis critical current density jc of IJJ_Sqr10 and 
IJJ_Sqr6, respectively. Totally, jc gradually decreases with increasing magnetic field, i.e., number of vortices,
suggesting a suppression of jc by the pancake vortices. Concerning the vorticity transition, the directions of jc jumps and 
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Fig. 2. Magnetic field dependence of Rc at 86.2 K and 87.0 K in (a) IJJ_Sqr10, (b) IJJ_Sqr7, (c) IJJ_Sqr6, and (d) IJJ_Sqr5. The first 
vortex penetration fields (H1) are indicated by the arrows.
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Rc jumps at the transitions are dependent on the samples and the other factors. I-V curves around the vorticity transitions 
are shown in the insets of Fig. 3(a) and (b). It seems normal that in Fig. 3(b) “0” state (red solid circle) has larger jc than 
that of “1” state (black open square) in the vicinity of the jump in IJJ_Sqr6. However, this is a contrast to the situation 
in IJJ_Sqr10 where the lower vorticity side has smaller jc at the fields pointed by the markers in Fig. 3(a). The 
enhancements of jc with the increments of the vorticity shown in Fig. 3(a) may be relevant to a dynamics of Josephson 
vortices connecting the pancake vortices on neighboring layers. Further studies on the classification of the shapes of Rc
or jc jumps in various situations would be required to understand the mechanism of these behaviors.
In summary, we measured magnetic field dependence of Rc and jc in several IJJs samples with different dimensions 
to study the individual vortex penetrations into mesoscopic Bi2212 crystals. We have successfully observed the quasi-
periodic structures like spikes, steps or oscillations accompanying the individual vortex penetration in much larger 
samples than the already reported ones. The field intervals of the quasi-periodic structures are almost close to the 
estimated values from the sample areas, but somewhat larger. The shapes of the structures in Rc-H and jc-H around the 
vorticity transitions have a variety depending on the sample dimensions and the other factors.
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Fig. 3. Magnetic field dependence of c-axis critical current density jc (a) in IJJ_Sqr10 at 86.0 K, and (b) in IJJ_Sqr6 at 85.0 K. To extract 
jc from I-V curves we used a voltage criterion of 10PV. The insets of both graphs show I-V curves in the magnetic fields pointed by the 
arrows with red circles and open squares in the main panels. The labels “0”, “1”, .. mean the expected vortex number in the IJJs stack.
